Vortex shedding on bridge piers by Heron, Katherine Margaret Monica
University of Southern Queensland 










A dissertation submitted by 
 
Katherine Margaret Monica Heron 
 
 
In fulfilment of the requirements of  
 
 
Courses ENG4111 and 4112 Research Project 
 
 
Towards the degree of 
 
 









The phenomenon of vortex shedding from bridge piers ha  been examined. A 
review of current literature was conducted in order to assess bridge design 
principles aiding in reducing the effects of vortex shedding. 
 
Experiments were conducted at the University of Southern Queensland’s 
hydraulics laboratory. The velocity profile downstream of model bridge piers was 
measured in order to observe the changes to flow caused by a bridge pier under in 
finer detail.   
 
A range of model piers were used in the experimentatio . The diameter and 
surface roughness of the models were altered. Model piers of 20mm, 43mm, 
65mm and 90mm were tested. The 65mm model pier was tested with surface 
roughness heights of 0.03mm, 2mm and 5mm. 
 
An Acoustic Doppler Velocimeter and the associated data collection software was 
used to capture the velocity field downstream of the models. These velocities were 
used to determine the conditions favourable to the onset of vortex shedding. The 
recorded velocities were imported into MATLAB for processing and plotting. 
  
From the results the relationship between the Strouhal number and Reynolds 
number was assessed and compared with published data. The results were found 
to be in accordance with published results. 
 
The dimensionless Reynolds number for a body in flow was used to relate the 
occurrence of vortex shedding on the bridge models to actual piers. It was found 
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NOMENCLATURE 
 
A Cross- Sectional Area of Flow (m2) 
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n Mode of oscillation 
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R Hydraulic Radius (m) 
Repipe Pipe Reynolds number 
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Re Body Reynolds Number 
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Sp 
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(1999) 
St Strouhal Number 
T Time (Seconds) 
u Velocity (m/s) 
U* Friction Velocity (m/s) 
U Free Stream Velocity (m/s) 
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τ Shear Stress (N/m2) 
τw Wall Shear Stress (N/m
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ν Kinematic viscosity (m2/s) (assumed to be 1.13 x 10-6 m2/s for water) 
µ Dynamic viscosity (kg/m s) 
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The need for further studies of vortex shedding from bridge piers was identified due 
to the lack of the available experimental data showing the velocities downstream of 
the piers. The purpose and scope of this study is detailed in 1.4 Objectives. 
1.2 Introduction 
 
Vortex shedding is a phenomenon observed throughout nat re. Vortices are formed 
due to an interaction between a fluid and a physical tructure. As seen in Figure 1-1 
vortex shedding occurs on any scale. Vortex shedding may be seen due to the 
presence of clouds above Guadalupe Island in Figure 1-1.  
 
 
Figure 1-1 Observations of vortex shedding in nature: Vortex shedding from Guadalupe 
Island, in the Eastern Pacific Ocean, is observed in the cloud formations (Nasa 2006). 
 
Vortex shedding occurs due to an interaction between a fluid and an object. For 
example, air flowing past a flag pole will cause a flag to wave in the wind in the event 
of vortex shedding. If vortex shedding was not occurring the flag would stay still, 
behaving more like a wind sock. 
 
Figure 1-2 illustrates a typical visualisation of the phenomenon of vortex shedding 
from a cylinder. Vortex shedding is caused by the separation of the boundary layer 
from a bluff body in a fluid. Vortices are formed and shed from alternate sides of the 
cylinder and carried downstream.  
 
If the frequency of the shedding matches the natural frequency of the object, vibration 
of the structure will occur. The vibrations caused by vortex shedding may lead to 
fatigue and the eventual failure of the structure.  
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The continuous bending or vibration of metals will eventually cause them to fail. A 
famous example of structural failure due to vortex shedding is the Tacoma Narrow 





Figure 1-2 This pattern is called a Kármán Vortex Street. This pisture shows the 
vortices being formed at a Reynolds number of 140. Water is flowing past a 1cm 
diameter cylinder. The streamlines are shown by electrolytic precipitation of white 
colloidal smoke, illuminated by a sheet of light. The vortex street is seen to grow in 
width downstream for some diameters. Photograph by S. Teneda. (Van Dyke 1982) 
 
The topic of vortex shedding has been extensively studied due to its engineering 
significance. Vortex formation is significant in micrometeorology and pollutant 
dispersion modelling. The theory behind vortex shedding has also been used in flow 
measurement devices. The dislodgement of aquatic plants is believed to be aided by 
vortex shedding. A significant effect of vortex shedding occurring in rivers and 
channels is local or pier induced scour.  
 
 
1.3 Research Problem 
 
The purpose of this project is to gain better understanding of the factors contributing to 
the onset of vortex shedding. An increase in awareness of the factors contributing to 
the onset of vortex shedding aid in the prediction of the phenomenon.  
 
In this project vortex shedding from scale models of circular bridge piers in various 
configurations will be observed and analysed. An Acoustic Doppler Velocimeter 
(NORTEK AS 2000) will be used to examine the formation of vortex shedding. 
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1.4 Objectives 
 
In this project the onset of vortex shedding will be studied closely through 
experimentation and the application of background theory. This project will provide 
suggestions to improve bridge design elements that will minimise or eliminate the 
occurrence of vortex shedding.  
 
A review of current literature on vortex shedding is contained in Chapters 2 and 
Chapters 3. Chapter 2 focuses on the physics behind t e event of vortex shedding. In 
Chapter 3 bridge design principles used to reduce or liminate vortex shedding are 
analysed. Results from previous experiments involving vortex shedding will be 
reviewed in Chapter 3.  
 
Experiments were conducted in order to develop the relationship between discharge 
and shedding frequency using the dimensionless Strouhal and Reynolds numbers. The 
experimental results will be compared with published literature pertaining to vortex 
shedding. 
 




This dissertation aims to provide background theory n with vortex shedding 
presented in the form of a literature review. The background theory will be compared 
with data obtained through experimentation. This research is expected to aid in the 
design of local scour protection at bridge piers.  
 
In order to achieve the objectives of this project a detailed understanding of the 
factors contributing to vortex shedding is required. A comprehensive outline of the 
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In this Chapter a detailed explanation of the factors contributing to vortex shedding is 
provided. The influence of a bridge pier on flow conditions and the flow conditions 
likely to cause vortex shedding are examined. The dimensionless numbers associated 
with vortex shedding are explained in detail.  
 
Interruptions to fluid flows will alter the velocity and pressure distributions around 
and downstream of the obstruction. The changes in pressure will result in the 
separation of the boundary layer from the bluff body. Vortices will form within the 





In fluid flow there are multiple shear planes also known as flow lines. At low flow 
velocities in an ideal fluid the flow lines will be quidistant and stable, resulting in 
small amounts of shear force being transmitted from one layer to another. The transfer 
of momentum across the flow lines produces a corresponding component of viscous 
shear force acting in the opposite direction. 
 
 In the event of a disturbance, such as a bridge pier in a channel, the flow lines will be 
deflected becoming closer together either side of the pier. The transfer of momentum 
between the flow lines at this point will increase. The velocities moving past the pier 
will be slightly greater than the upstream velocity.  
 
As seen in Figure 2-1 under steady conditions the disturbance will not have a great 
effect on the state of flow. Any disturbances will be damped out as the viscous forces 
outweigh the disturbing forces. This is called laminar flow. Under laminar flow 
conditions the stream lines will return to a parallel condition after a disturbance 
indicating a low variability of velocities with the profile (Pope 2000). 
 
When flow is experiencing unsteady conditions, the eff ct of a disturbance is much 
greater. This event is called turbulence. A disturbance will cause significant deflection 
of the flow lines as seen in Figure 2-1. The increase in transfer of momentum will 
cause deflection in the flow lines in the form of a crest, much like that of a wave. This 
wave will break up into eddies when the disturbance has caused significant deflection. 
There will be a large variability of velocities in the flow profile under turbulent 
conditions. The viscosity of a fluid will significantly affect the onset of turbulence. 
(Borthwick 2004) 
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Flow Past a Disturbance
Laminar Flow
Turbulent Flow  




Osbourne Reynolds (1842-1912) developed experiments used to examine the 
condition of flow. These experiments showed that turbulence was a function of fluid 
velocity, viscosity and a dimension, leading to thedevelopment of Reynolds number 
(Borthwick 2004). 
 
Reynolds number is a dimensionless number used to describe the onset of turbulent 
flow. It is a ratio of inertia forces and viscous forces. Reynolds number is also linked 
to the phenomenon of vortex shedding where it may be expressed as a function of 
velocity, characteristic length, and dynamic viscosity. The characteristic length may 
be defined in a number of ways resulting in a number of different forms of Reynolds 
numbers.  
 
Reynolds number is used to determine whether or not a fl w is turbulent. If Reynolds 
number is less than 2300 then flow is likely to be laminar. The value of Reynolds 
number at which flow becomes turbulent is variable. It is assumed that turbulent flows 
start to occur at Reynolds numbers of approximately 4000 (Pope 2000).  
 
For pipe flow Reynolds number is defined by Equation 2-1. 
µ
ρUD
pipe =Re       Equation 2-1 
where D is the diameter of the pipe.  
 
For channel flow Reynolds number is defined by Equation 2-2. 
µ
ρUR
x =Re       Equation 2-2 
 
In Equation 2-2 the hydraulic radius, R, is defined as the area of the channel flow 
divided by the wetted perimeter of the channel. For wide channels R may be assumed 
to be equal to the depth of flow (y).  
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For a full flowing pipe, R = D/4 thus Repipe is four times that of the Reynolds number 
for an open channel. Rex may be multiplied by 4 so that Reynolds number is matched 






Re =       Equation 2-3 
 
For this project Equation 2-2 will be used to describe Rex for open channel flows. 
 




kU *Re =       Equation 2-4 
 
Reynolds number may be expressed in terms of a body Reynolds number as in 
Equation 2-5. This is the type of Reynolds number that will be used throughout the 
project where: 
µ
ρUD=Re       Equation 2-5 
µ
ρυ =         Equation 2-6 
 
  
In all of the definitions of Reynolds Number:  
U is the free stream velocity, (m/s)  
R is the hydraulic radius (m) which is the characteris ic length for channels (R=wetted 
perimeter of the channel / cross-sectional area of flow)  
ks is the bed roughness height, (m) 
U* is the friction velocity, (m/s) 
,* fgRSU =  g is gravity, Sf is the friction slope, 
D is the diameter of the cylinder, m,  
ρ is the density of the fluid, kg/m3,  
µ is the dynamic viscosity of the fluid, kg/m s 
ν is the kinematic viscosity. Throughout this project v is assumed to be equal to 1.13 x 
10-6 m2/second. 
 
2.3 The Influence of Bridge Piers on Flow  
 
Flow around a vertical cylinder such as a bridge pir will be turbulent. The body 
Reynolds number may be used to describe the turbulence caused by the bridge pier. 
Eddies are formed due to turbulence. Under the right flow conditions eddies or 
vortices will form in front of and in the wake of the pier.  
 
Vortices will be formed by pressure changes and the separation of the boundary layer 
surrounding the pier. In front of the pier the resulting vortex system at the bed of the 
channel will consist of flows moving in a downwards irection in front of the pier. 
The velocity of the flow will push the vortex system around the pier. When observed 
in plan view the vortex system resembles a horseshoe. Figure 2-2 depicts horse shoe 
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vortices and vortex shedding on a vertical cylinder. The effects of horse shoe vortices 
will not be analysed in this project. Horseshoe vortices are not likely to interfere with 









The formed vortices will become stable after an equilibrium scour depth has formed. 
The experiments performed for this project are performed in a lined channel and 
hence the formed vortices may be unstable. (Kirkil n.d.)  
 
The formed vortices will cause a rapid variation in the velocity and momentum of the 
flow. This sudden change will cause a change in the energy of the flow. The transition 
in the flow may be solved using the specific energy equation. The specific energy is 
measured relative to the bed. (Featherstone 2001) 
 
gVyEs 2/
2α+=       Equation 2-7 
 
Plotting the specific energy (Es) against the depth of flow, for a section where th
cross-sectional area is known and discharge is constant, results in the ‘specific energy 
curve’. At a given energy level two alternative depths are possible. (Featherstone 
2001) 
 
The critical depth, yc, is the depth at which the specific energy is at aminimum. It is a 
function of the flow per unit width and is found using Equation 2-8. Subcritical flow 
will occur when the depth of flow is greater than the critical depth. Supercritical flow 














=         Equation 2-8 
Where: Q is the flow in the channel in m3/s; b is the width of the channel in m;  
 
Figure 2-2 Horse shoe vortices and vortex shedding formed at a vertical cylinder 
                                 Front View        Rear View 
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Figure 2-4Flow profile past a bridge pier (Borthwick 2004) 
 
 
The influence of a bridge pier on a flow profile in a channel is depicted in  
Figure 2-4. Under certain conditions a backwater profile will form just upstream of the 
pier causing the depth of flow to increase from the normal depth (yn). A hydraulic 
jump may occur just downstream of the bridge pier where the flow profile transforms 
from supercritical flow to subcritical flow.  
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2.4 Vortex Formation 
 
As mentioned at the beginning of section 2.3 vortices are formed as a result of 
boundary layer separation. Boundary layer separation can be explained using 
fundamental concepts of fluid dynamics. The fundamental laws are the conservation of 
mass, energy and momentum.  
 
The continuity equation or the principle of the conservation of mass for steady 
flow is defined was defined in Borthwick (2004) as:
 
mass flow in = mass flow out      Equation 2-9  
 
The conservation of energy is represented by Bernoulli’s equation (Borthwick 
2004). Assuming there are no losses or gains the amount of energy entering the 
system is equal to the amount of energy leaving the system. Bernoulli’s 




















    Equation 2-10 
 
Where p1 and p2 are the pressures at point 1 and 2 respectively; u1 and u2 are the 
velocities at points 1 and 2; z1 and z2 are the potential or elevation head; g is 
gravity; and ρ is the density of the fluid.  
 
The momentum equation covers the principle of the conservation of momentum 
(Borthwick 2004) where: 
Momentum In ( 11    utQ δρδ ) = Momentum Out ( 22    utQ δρδ ) Equation 2-11 
Where δQ1 and δQ2 are the change in momentum at points 1 and 2 respectively; 
δt is a time interval;  
 
The elementary law of fluid friction is defined as: 
 
dy
duµτ =         Equation 2-12 
 
Where y is the depth of flow; and u is the velocity a  y. 
 
Only Newtonian fluids, where a linear relationship between shear, τ and the velocity 
gradient (du / dy) exists, will be considered in this report. (Schlict ng 2000)  
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2.4.1 Strouhals number 
 
Vortices will be periodically shed from a pier at a frequency independent to Reynolds 
number (Schilichting 2000). Strouhals number is used to describe the frequency of the 
shedding. It is dimensionless number associated with vortex shedding. It is a function 
of the frequency of vortex shedding, the diameter of the pier and flow velocity. The 





f s =         Equation 2-13 
Where: 
fs = Frequency of vortex shedding (Hz) (events per second) 





.=       Equation 2-14 
where T is one second. 
 
Borthwick (2004) provides a mathematical relationship between the Strouhal number 
and Reynolds number for circular cylinders within 250 < Re < 2 x 105. This relation 







































Relationship between Reynolds and Strouhals Numbers
St=0.198(1-19.7/Re)
 
Figure 2-5: Relationship between Reynolds and Strouhals numbers (Borthwick, 2004). 
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The Strouhal number is assumed to be constant for Reynolds numbers in the range of 
300 to 100,000, or under a subcritical flow regime. From Figure 2-6 it is seen that the 
Strouhal number approaches the value of 0.198. From Schlichting (2000) the Strouhal 
number is assumed to be approximately 0.21. This value is taken as a mean of the 
periodically oscillating values (Schlichting 2000). For future calculations Strouhals 
number will be taken as 0.21.  
 
2.4.2 Drag Coefficient 
 
The formation of vortices will result drag. A bluff body surrounded by flow is 
subjected to friction and drag forces. There will be a frictional shearing action 
between the body and the flow. The upstream part of the body will create an area of 
locally increased pressure. The separation of the boundary layer from the bluff body 
will create an area of locally low pressure. The prssure difference exerts a force on 
the body. The components of this force are referred to as ‘form drag’ (force in the 
direction of the incident flow) and lift (force perpendicular to the incident flow). 
(Borthwick 2004) 
 








=        Equation 2-16 
where A is the cross-sectional area of the body, perpendicular to the direction of 
incident flow. (Borthwick 2004) 
 
The drag coefficient is related to a function of the body shape and Reynolds number 
(Borthwich 2004). Schlichting (2000) suggests a drag coefficient CD of approximately 
1.2 for cylinders for Reynolds numbers between 300 and 105.  
 
 
2.4.3 Boundary Layers 
 
Walls and other surfaces in channels do not generally move and hence the velocity at 
these surfaces is zero. Viscous friction at a surface will cause flow velocities to 
decelerate and stick to the surface. A shearing action ensues between the decelerated 
flow and the normal flow. The area of flow containing shear is known as the boundary 
layer. The depth of the boundary layer may be described as the depth at which the 
flow velocity is equal 99% of the free stream velocity. (Bortthwick 2004) 
 
Flow within the boundary layer may be viscous or turbulent. The flow outside of the 
boundary layer is assumed to act like an ideal fluid. An ideal fluid is assumed to have 
no viscosity, surface tension, is incompressible, and is without a velocity gradient. 
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Figure 2-6 A boundary layer is a layer of flow in which there a is velocity gradient.  The 
velocity increases from 0m/s to the free stream velocity, U m/s.  
 
Vertical velocity profiles will be influenced by the condition of the channel bed. Shear 
forces at the bed and sides of a channel will impact on the vertical velocity profile as 
seen in Figure 2-5.  
 
Water and air are considered to have relatively low viscosities. As the viscosity of a 
fluid increases so does the thickness of the boundary layers as more energy is required 
to move the fluid. The viscosity of a fluid is dependant on temperature and pressure.  
 
At high Reynolds numbers a body in stream will have  thin boundary layer compared 




2.4.3.1 Separation of Boundary Layers 
 
Vortex shedding is caused by the separation of the boundary layer on the body. The 
separation of a boundary layer of a cylinder is explained in detail in this section. 
 
The process of boundary layer separation is caused by localised low and high 
pressures. Low pressures at the pier wall will results in a strong thickening of the 
boundary layer. The boundary layer mass will be transported away into the outer 
flow. The boundary layer will separate when the velocity gradient perpendicular to 
the wall (wall shear stress) becomes negligible at the wall (Schlichting 2000). The 











duµτ   
 
 
This position at which the shear stress at the wallis zero may be found through the 
integration of the boundary-layer differential equations (Schlichting 2000). In 
Schlichting (2000), it is found that the angle of separation for a cylinder under a 




UNIVERSITY OF SOUTHERN QUEENSLAND  
Faculty of Engineering and Surveying 












Figure 2-7 Boundary Layer Separation, point S is the point of separation. 
 





















     Equation 2-17 
along the horizontal (x) direction as in Figure 2-7, 
 
 
If the conservation of energy principle is to hold true velocity increases will result in 
pressure decreases and velocity decreases pressure increases. The boundary layer will 
separate from a cylinder due to changes in pressure and velocity. Particles will 
become entrapped when they are unable to pass a “mountain” of high pressure. The 
particles will initially come to a standstill. They will be pushed into motion by the 
pressure distribution of the outer flow. (Schlitching 2000)  
 
At points A and C in Figure 2-5 the horizontal velocities will be close to zero. The 
velocity of the flow past point B will be higher than the free stream velocity. This 
occurs as the quantity of flow is the same, and hence to move the same quantity of 
flow through a smaller area the velocity of the flow must increase. From Equation 2-
17 it is seen that the changes in velocities around the pier will result in pressure 
changes.  
 
In Figure 2-7 it seen that at points A and C zones of high pressure will form. At points 
A and C on Figure 2-5 there will be rapid variations i  flow in the transverse (y) 
direction. At Point B a low pressure zone will form.  
 
Particles within the separated boundary layer will become trapped by the high 
pressure zone at point C. The trapped particles will form vortices when the 
momentum of the outer flow (i.e. flow that is not within the boundary layer) pushes 
the particles forward. The trapped particles will be forced into a clock-wise or 
anticlockwise vortex at the left and right downstream side of the pier respectively. 
(Schlitching 2000 p39) 
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At a body Reynolds number of 90, the formed vortices will begin to be shed from the 
cylinder. Shedding occurs due to instabilities in the flow. The vortices will be shed 
from alternate sides of the pier. The shed vortices will dissipate as they are carried 
downstream. There will be a decrease in the difference between the mean velocity at 
the outside and the centre of the vortex as the vortices are carried downstream. In 
some cases the size of the vortex will increase as seen in Figure 1-2.  The variation in 
flow within the boundary layer in the y direction (refer to Figure 2-7) will be rapid.  
 
The development of flow within the vortices in the x direction (refer to Figure 2-7) 
will be slow as the flow in the channel will have carried the vortex downstream before 
the velocity of the fluid within the vortex can develop. The length scale of the flow 
variations will be determined by the overall body size. Flow variations normal to the 
surface of the cylinder will be dictated by the boundary layer thickness. 
 
 
2.4.4 Vortex Formation and Body Reynolds Number 
 
It has now been established that as water flows around a bridge pier the boundary 
layer may separate causing downstream vortices to form. The event of vortex 
formation and shedding can be predicted using Reynolds numbers. Previous 
experiments have found the ranges of Reynolds numbers at which different stages of 
vortex formation occur. Ranges of Reynolds numbers and the known vortex formation 
























Figure 2-8 Reynolds Number and Vortex Formation (Xanth kos 1995) 
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As Reynolds Number increases, turbulence increases. Vortex shedding is known to 
occur with the range of Body Reynolds numbers (Re), of 90 to 100,000. This project 
will be specifically examining the Reynolds numbers between 300 and 105, also 





The fundamental laws of fluid dynamics explain the process of vortex shedding. The 
conservation of mass, momentum and energy are used to xplain the changes to the 
fluid flow past a bridge pier.  
 
Vortex shedding is caused by the separation of a body’s boundary layer. Boundary 
layer separation occurs due to changes in velocity, pressure distributions and wall 
shear stresses. Vortex shedding is classified by its Reynolds number and Strouhal 
Number.  
 
An understanding of the physical process of vortex shedding will provide necessary 
background information to understand the effects of vortex shedding. Experiments 
have been conducted in order to understand the effects of vortex shedding and 
methods of reducing the effects. 
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A significant part of bridge pier design involves the consideration of the impacts of 
the changes to flow. As seen in Chapter 2 vortex shdding occurs within a wide range 
of Reynolds numbers. A result of vortex shedding is the formation of local scour. 
Significant damage to the bed of the channel can occur.  
 
Much research has been performed to try to understand the phenomenon of vortex 
shedding. Technological advances have allowed for more detailed measurements the 
factors relating to vortex shedding. Computer modelling has been become widely 
used to examine vortex shedding. 
 
Many experiments have been conducted and case studie  have been examined to try 
to understand the effect of vortex shedding on scour. Previous experiments have 
measured vortex shedding from model islands (Llyod 1997) and staggered piers 
(Sumner et. al 2004). A large proportion of the avail ble literature looks at reducing 
the effects of the altered flow conditions due to the bridge pier.   
 
Reynolds number will be used to compare the results from current literature with 
results found through experimentation. 
 
3.2 Bridge Design 
 
Bridges consist of a superstructure and a substructure, which includes piers and 
abutments as shown in Figure 3-1. Several types of bridge piers are available. A 




Figure 3-1: Basic Bridge Structure 
 
The bridge substructure consists of the abutments ad the piers. The piers may be 
driven into the ground; connected to a pile cap on driven piles; or attached to a pile 
footing for stability. 
     Substructure 
Superstructure 
River Bank River Bank 
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Bridge piers are typically made of concrete and must satisfy function, architecture and 
minimum cost. Bridge piers may consist of multiple columns or shafts that may be 
connected only at the top or at both ends. They may be braced or tapered. The type of 
pier to be used is dependant on the superstructure, soil conditions and construction 




Vortex shedding will contribute to local scour at bridge piers. At the centres of shed 
vortices there will be an area of relatively low pressures. This low pressure area 
coupled with the movement of the vortex will cause localised scour. The severity of 
the scour will be influenced by the shape of the pir, the number of piers and the 
alignment of the piers relative to the flow direction.  
 
Previous case studies have proven the detrimental effects due to vortex shedding on 
obstructions to flows such as bridge piers. Melville and Coleman (2001) reviewed the 
contribution to scour from vortex shedding from bridge piers in New Zealand Rivers. 
Samcheck, Beckstead and Zhou (2001) studied the relationship between vortex 
shedding and scour in rivers in Canada and the USA due to the exposure of horizontal 
pipelines under flood conditions.  
 
The case studies found that vortex shedding from the cylindrical bodies in the river 
affected scour conditions under flood conditions. Changes in flow alignment also 
contributed to increased erosion. A river will respond to changes in flow conditions 
through erosion until an equilibrium state is reached. 
 
There are many factors that may contribute to scour at b idge piers. 
(a) Solid Shaft curved ends  (b) Solid Shaft- triangular end (c) Cantilevered top shaft (d) Flared Shaft of column 
or 
Figure 3-2: Types of Bridge Piers (Troitsky 1994) 
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Troitsky (1994) lists a number of factors contributng to scour at bridge piers. These 
include:  
 
 Slope, natural alignment and shifting of the channel 
 Type and amount of material in transport 
 History of the former and recent floods 
 Accumulation of ice, logs, and other debris 
 Construction and/or realignment of flow due to the bridge and its approaches 
 Geometry and alignment of piers 
 Classification, stratification, and consolidation of bed and subdued material 
 Placement or loss of rip-rap and other protective materials 
 Natural or man-made changes in flow or sediment regimes 
 Increase in stream discharge, increased velocity, and depth 
 Temporary increase of discharge caused by flood, snow melting, or a gate 
opening 
 Increased sediment load changes 
 Obstruction in the path of flow: pier, abutment, or debris 
 A skewed pier causing a large obstruction 
 
 
Troitsky (1994) also recommends four methods by which pier scour can be reduced. 
 
1. Alignment of the bridge piers with the stream flow, 
2. Placing the footing below the estimated scour depth, providing scour 
protection at the estimated scour depth or providing slope so that the 
equilibrium scour hole may form allowing the natural flow of water (as in 
Figure 3-3 (a).  
3. Using a pile foundation or caissons to provide stabili y when scour occurs.  
4. Providing sheet pile protection 
 
 
The use of pier footings will significantly affect the local scour as seen in  
Figure 3-3. There will be a lower erosion risk when buried footings ( 
Figure 3-3 (b)), footings with a conical transition (refer to figure 3-2 (d)) or collar 
footings are used. Erosion will be minimised as the footings will act as physical 
barriers against scour. (Neill 1975) 
 
There will be a greater potential for erosion when a projecting footing is used as 
shown in  
Figure 3-3 (c). The projecting footing will act as a barrier to the flows trapping the 
horseshoe vortices. The trapped vortices will cause the scour hole to deepen.  Where 
no footing is used, as in Figure 3-3 (a), an equilibrium scour hole will form. (Neill 
1975) 
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Figure 3-3: Effect of pier footings on local scour (Neill, 1975) 
 
 
Where the pier is not cylindrical its alignment with the stream flow, as seen in Figure 
3-4, will largely affect the vortex and scour formation (Troitsky 1994). This is due to 
the changed flow conditions past the body. The alignment and shape of a bridge pier 
will influence the way the boundary layer separates. The way that the flow moves past 
the body will be altered. When a pier is skewed as in Figure 3-4 vortex shedding may 
not occur (Troitsky 1994). 
 
 
Figure 3-4 (Troitsky 1994) 
 
The effect of coupled pier alignment has been studied by Sumner et al (2000). Piers of 
equal diameter were tested in various configurations t  determine the influence of the 
spacing and alignment of the pair. The resulting flow patterns are seen in Figure 3-9. 
These experiments were conducted in a wind tunnel. The vortex shedding frequencies 
were measured, the body Reynolds number ranged from Re= 3.2 x 104 to 7.4 x 104. 
The results from this study can be related to vortex shedding in water through the 
(a) 
(b) (c) 
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comparison of Reynolds numbers. The vortex shedding ra es found by Sumner et al 
(2000) will be significantly larger than the corresponding Reynolds number for water 
as the viscosity of air is significantly less than that of water. 
 
 
Figure 3-5  Overview of flow patterns for two staggered circular cylinders of equal 
diameter in steady cross-flow, as seen in Sumner, Richards and Akosile (2005) based on 
Sumner et al. (2000): (a) closely spaced; (b) moderately spaced; (c) widely spaced. 
R=reattachment; G=gap.  
 
The shed vortices were seen to reattach under closely spaced conditions for incidence 
angles of 0 o, 15 o, and 30 o. Under moderately spaced conditions reattachment 
occurred at incidence angels of 0o and 15o. Reattachment occurred for the widely 
spaced pattern with an incidence angle of 0o. It was found that for closely spaced 
cylinders the wakes acted as though they were produced by one body when the 
upstream vortices reattached to the downstream body.  
 
The wake produced by the upstream pier was seen to have little influence on the wake 
of the downstream pier for incidence angles of 60o and 90o when the piers were 
widely spaced. Vortex shedding and hence scour will be dependant on the spacing, 
shape and alignment of bridge piers.  
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3.3 Measurements of flow Fields 
 
The event of vortex shedding may be studied by performing experiments on scale 
models. The velocity profiles past the models may be measured by using an Acoustic 
Doppler Velocimeter (ADV). Previous experiments have used the ADV to collect 
velocity measurements.  
 
Dey and Barbhuiya (2005) used an ADV to measure the velocity flow fields at 
abutment walls. Vortex shedding downstream of the wall caused irregularities in the 
upward flow. 
 
Llyod and Stansby (1997) studied the flow fields around surface piercing model 
conical islands. This study was performed to analyse pollution trapping near islands. 
A range of model shapes and sizes were used in the analysis.  
 
The bed friction coefficient cf, was evaluated using the smooth pipe formula with the 






af=         Equation 3-1 
where Da is the island diameter at the middle path; and h is t e depth of flow. 
 




















    Equation 3-3 
 
where λ is the pipe friction coefficient 
 
In the study by Lloyd and Stansby (1997) it was found that for this experiment the use 
of a depth averaged models in shallow flows resulted in an over-estimation of the 
wake stability factor, S. 
 
Chen and Jerka (1995) have suggested two critical values, Sc1 = 0.2 and Sc2 = 0.5. It 
was found that for S < Sc1 the resulting eddies were in the manner of a Karman vortex 
street wake. Where Sc1 < S < Sc2 the wake under went a transition from vortex 
shedding to a unsteady wake bubble with slowly recirculating flow.  
 
Increases in bed friction caused the wake behind the island to become less defined. It 
was found that increases in roughness of a model will result in a less defined wake. 
This may be ideal in situations where is it is desirable to reduce the effects of vortex 
shedding.  
 
As a response to the experiment a paper was written by Stansby (2006) discussing the 
limitations of depth averaged modelling in shallow flow. Three dimensional 
modelling was found to be more accurate in determining the stability of the wake.  
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It was found that when vortex shedding was prominent the two dimensional and three 
dimensional model wake structures were similar. Poor predictions from the 2D 
modelling were found to occur as the amplification of the friction coefficient, due to 
horizontal strain rates, was not represented. 
 
Sheppard Odeh and Glasser (2004) observed scour at large scale model piers. Circular 
piles 0.114, 0.305 and 0.914 m in diameter were tested in cohesion-less sediments. 
Sediment diameters of 0.22, 0.8 and 2.90 mm were used in the experiments. Tests 
were performed under a wide range of water depths and flow velocities. Flow 
velocities were measured using acoustic transponders. Scour depths were measured 
using video cameras and measuring tapes.  
 
The water used in the tests was sourced from a hydroelectric dam and hence the 
suspended sediment loading of the water could not be controlled. It was found that the 
suspended fine sediment load of the water effected equilibrium scour depths. High 
sediment loads affected the physical properties of water, causing an increase in the 
fluid’s density. The paper by Sheppard et al (2004) concluded that the suspended 
loading of water will affect measured velocity result . It was found that sediment 
loading will effect clear water scour predictions.  
 
 
3.4 Wave Generation through Vortex Shedding  
 
When vortices are shed from a cylinder the cylinder and the fluid experience equal 
and opposite forces. The components of these forces may create transverse waves.  
 
A study of wave generation in open channels by vortex shedding from channel 
obstructions was completed by Zima and Ackermann in 2002. A relationship between 
the ratio of frequencies of the vortex shedding sf  and transverse waves f in the 

































=sf Frequency of vortex shedding 
 


















       Equation 3-5 
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2
nL
l =           Equation 3-6 
 
Wavelength; 
Mode of the wave oscillation; 
Depth of flow; 











When the frequency ratio, found using Equation 3-3,is equal to unity the forcing 
function, having a frequency fs, is equal to one of the natural frequencies of the 
transverse waves. Vortex shedding then creates a condition of resonance where the 
energy content on the transverse wave is amplified.  
 
In experiments conducted by Zima and Ackermann (2002) waves with amplitudes of 
up to 35% of the mean flow depth were generated. It was found that the greatest wave 
amplitude occurred when the frequency ratio was betwe n 0.7 and 1.3. When the ratio 
was less than 0.5 or greater than 2.0 it was found that little or no surface waves were 
evident.  
 
3.5 Vortex Induced Vibrations of circular cylinders 
 
As stated previously structural vibration of a circular cylinder will occur when the 
frequency of the vortex shedding matches the natural frequency of the cylinder. In 
experiments by Goswami et al (1993) the shedding frequency of a cylinder was 
matched up with the natural frequency of the materil. Goswami (1993) found that 
while the frequencies were matched repeatedly, the synchronisation of the frequencies 
was not able to be reproduced at will.  
 
The structural failure of bridge piers is more likey to occur due to scour rather than 
from vortex induced vibrations.  
 
n=1 n=2 
  h   h 
  A   A 
  l   l 
Figure 3-6 Wave amplitude (A), mode (n), wavelength (l) and flow depth generated through vortex 
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3.6 Scour Control methods: Sacrificial piers, Splitter plate, 
Threaded pile 
 
Vortex shedding will be influenced by the shape andposition of a bridge pier as well 
as the upstream flow conditions. The shape, position and flow conditions will effect 
the separation of the boundary layer. Results from experiments by Melville and 
Hadfield (1999) and Dey, Sumer and Fredsøe (2006) demonstrated the influence of 
shape, position and upstream flow conditions on vortex shedding. The aims of these 
experiments were to reduce scour caused by vortex sh dding. The use of sacrificial 
piles, splitter plates and threaded piles were tested as scour control devices.  
 
Melville and Hadfield (1999) used sacrificial piles in their experiments. Model piles 
were placed strategically upstream of bridge piers to reduce vortex shedding as seen 
in  
Figure 3-7. The wake produced by the sacrificial piles changes the flow conditions 




Figure 3-7: Strategic placement of sacrificial piers in Melville and Hadfield’s (1999) 
experiments.  
 
The flow approach angle or the skew of the flow (β) was tested along with changes in 
x, the distance between the upstream face of the pier and the front sacrificial pile. The 
spacing of the sacrificial piles (Sp) and the angle at which they were placed (α) was 
also changed.  A number of pile configurations were t sted, some with three (3) piles 
and others with five (5) piles. 
 
The results of the experiments were expressed in terms of a percentage scour depth 
reduction. It was found that an increase in the number of piles used increased the span 
of the wake region and hence the protective capacity of the piles. The spacing and 
positions of the sacrificial piles also influenced the wake region behind the piles.  
 
 
The flow approach angel was found to be the most influe tial on the success of the 
piles for reducing vortex shedding and scour at the pier. The flow intensity also 
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affected the effectiveness of the sacrificial piles. The effect of the relative size of the 
sacrificial pile and the pier diameter was not investigated in the study. (Melville 1999) 
 
Dey, Sumer and Fredsøe (2006) studied the effects of changing the physical shape of 
a bridge pier in order to reduce vortex shedding. The shape of the cylindrical bridge 
piers were altered by the addition of splitter plates and by adding wire threading 
around the pier.  
 
The use of splitter plates has found to be a successful cour control method. A splitter 
plate is a vertical plate attached to a pier in the dir ction of flow (Figure 3-8). The 
addition of splitter plates has been shown to prevent the low and high pressure zones 
which cause vortex shedding from forming (Schlichting 2000). Schlichting (2000) 
showed that the addition of a splitter plate will ad in maintaining a more constant 
pressure around a cylinder.  
 
Dey, Sumer and Fredsøe (2006) found that the use of a splitter plate was very 
effective in reducing vortex formation and hence scour. It was found that the splitter 




Figure 3-8 Model with splitter plates attached as used by Dey, Sumer and Fredsøe 
(2006). 
 
Dey, Sumer and Fredsøe (2006) also studied the use of threaded piles as a scour 
reduction method. Piles were threaded spirally with helical wires or cables (Figure 
3-9).  The wire threading will trip the boundary laer, i.e. promote the transition from 
laminar to turbulent flow (Pope 2003).  A range of thread angles (α) and the number 
of threads used on the piers (Refer to Figure 2-4) were tested.  
 
 
The threaded piles used in their studies were found to be slightly less effective than 
the splitter plate. The scour depth was found to decrease constantly with and increase 
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in the diameter of the thread and the number of threads and with a decrease in the 




Figure 3-9 Threaded piles are used as a means to reduce the impact of vortex shedding 
(Dey et al, 2006) 
 
By altering the pier structure or the upstream flow conditions one can reduce the 
formation of vortices and hence scour. Changes will effect the separation of the 
boundary layer. The studies by Melville and Hadfiel (1999) and Dey, Sumer and 
Fredsøe (2006) show how the process of boundary layer separation is strongly 





To improve the safety and design of structures a number of experiments have been 
conducted to try to understand the complex physics involved with vortex shedding. 
Bridge pier design must take into consideration the impact of the design on vortex 
shedding. The alignment, shape and spacing of bridge piers influence the frequency 
and stability of the vortex shedding from them. 
 
The occurrence of vortex formation from objects hasbeen studied extensively. The 
phenomenon occurs under many situations and conditis. The effect of vortex 
shedding on structures can be quite significant. Previous experimental results may be 
used as a comparison for the experiments to be performed as part of this project. 
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The previous chapters have provided necessary background information on the topic 
of vortex shedding. This chapter will focus on the methods used to design the 
experiments. A detailed description of the tools and techniques used throughout the 




The aim of the experiments was to determine the factors pertaining to the onset of 
vortex shedding. An Acoustic Doppler Velocimeter was used to measure the onset of 
vortex formation downstream of model bridge piers. A better understanding of the 
factors relating to vortex shedding will be beneficial for the design of bridge 
structures and pollution modelling. 
 
4.3 Equipment and Facilities 
 
The equipment and facilities used during the data colle t phase of the project are 
described below.  
4.3.1 Laboratory 
 
The experiments were performed in the Hydraulics Labor tory at the University of 
Southern Queensland (USQ). The broad based flume was used in the experiments. 
The flume has a width of 0.61 m and a depth of 0.12 m. A baffle and flow 
straighteners at the head of the channel helped to reduce transverse flow in the 
channel. 
 
The broad based flume (Figure 4-1) is capable of reproducing both subcritical and 
supercritical flows. The channel has been specifically designed for supercritical flows. 
A weir has been placed at the downstream end of the channel so that a backwater 
profile can be induced and thus the flow will be changed to subcritical flow.  A 
photograph of the broad based flume as setup for the experiments can be seen in 
Figure 4-3. A close up of the weir used to induce subcritical flow is seen in Figure 
4-2. 
 
The flows are recirculated within the channel. A valve at the pump outlet is used 
to control the flows. There is an electronic flow meter attached to the channel to 
monitor the discharge from the pumps. The flow meter displays the flow in 
L/min. 
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On the edges of the channel there are trolley tracks so that a moveable trolley 
can be placed over the channel. In these experiments a mechanical frame will 
run on these tracks.  
 
 








Figure 4-3 Experimental Setup in the Hydraulics Laboratory at USQ 
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4.3.2 Acoustic Doppler Velocimeter:  
 
The device that was used to measure the flow velocities in the channel is the Acoustic 
Doppler Velocimeter (ADV) (NORTEK AS 2000). This device consists of a 
detachable probe which is able to measure velocities in two or three dimensions. The 
ADV is attached to a computer containing special software to record the measured 
velocities.  
 
The velocity measurements collected by the ADV are vector-averaged internally. The 
averages of the measurements are outputted and recorded at the chosen sampling rate. 
The default sampling rate for the probe is 1Hz. Thesampling rate may be set between 
0.1 Hz and 25 Hz. A sampling rate of 100Hz is also possible. The default sampling 
rate was used in the experiments.  
 
There are three sample sizes that are available for use these are 3, 6, or 9mm (default 
size). Smaller sample sizes will result in an increase in noise and a decrease in the 
precision of the measurements. A smaller sampling size reduces the number of 
samples that are used for the velocity calculation.  
 
Different detachable probes are used to measure flow velocities in different areas of 
channel flow. There is an upward looking probe, a sidewards looking probe and a 
downwards looking probe available. Two of the available probes are shown in Figure 
4-5. The probes are capable of measuring up to three dim nsional flows. There are 
probes specifically designed for two and three dimensional measurements available.  
 
The three dimensional sidewards looking probe will be used throughout the 
experimentation. This probe will be positioned so that the measurements will be taken 
upstream of the probe. By holding the probe in this manner the probe will not 
influence its measurements. Figure 4-4 shows how the probe will be positioned 




Figure 4-4 A signal is emitted from the centre of the probe. The return signal is received 
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The probes consist of an emitter and receivers. A signal is emitted from the centre of 
the probe end. On the probes capable of measuring in three dimensions there are three 
prongs on the probe end are the receivers. The rate at which the signal is returned to 
the three receivers allows the probe to calculate velocities in up to three dimensions x, 
y and z.  
 
The interpreted velocities are returned as three velocity vectors. One may choose 
which of the three vectors one wishes to use. 
 
The sample reading can be taken from either 5 cm or 10 cm from the centre of the 
probe. The probe used for the experiments was the 5cm probe. 
 
To obtained sufficient time averaged velocities samples must be recorded over a 
period of time. Approximately ten to twenty seconds was assumed to be sufficient 
enough to plot the variability in the flow. At the d fault sample rate measurements are 
taken at one second intervals. 
 
Possible problems associated with use of the ADV include noise and spiking of the 
data. Reflective materials may create noise as when m asuring velocities near the 
surface (NORTEK AS 2000). Dampening of the reflectivity of the surface may aid in 
reducing noise problems. This may be achieved by placing a layer of less reflective 





Figure 4-5 Photographs of the Acoustic Doppler Velocimeter; (A) shows the velocimeter 
with the side looking probe; a close up of the side looking probe is shown in (C); (B) is a 
photograph of the downwards looking probe.   
 
4.3.3 CollectV Software: 
 
The ADV was attached to a computer containing software called CollectV. This 
program is used for data collection from the probe. CollectV is used to record 
boundary profiles within the channel and record flow velocities measured by the 
probe. The collected data may be extracted into text fil s for further analysis.  
A 
B C 
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CollectV has an option to check that the probes areworking correctly. A 
configuration run will determine whether the probes are working correctly. Figure 4-5 
shows a screen dump of the configuration run from CollectV. With reference to the 




Figure 4-6: This is the plotted output from the check option in CollectV. The plot shows 
the signal strength vs the Time/Distance for the 5cm probe. 
 
CollectV is useful in data collection as while the velocity data is being recorded it is 
plotted against time on the computer screen. This allows the user to monitor changes 
in the flow over time during the recording session.  Figure 4-6 shows a screen dump 
of the program CollectV during a test run.  
 
 
Figure 4-7 This plot shows the velocity recordings over time. 
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While data is being collected the plot may be paused. This will pause the plotting of 
velocities against time only. The data collection will not be paused. It is possible to 
flag important events such as changed to flow. In the exported data file a number will 
represent the time period after a flagged event. If no data is flagged this value will 
remain 0. This value will increase for every event that is flagged. Table 4-1 shows the 
columns of an extracted velocity file. Column 1 counts the velocity recordings. 
Column 2 is the relative time at which the recording was taken. Column 3 shows the 






Counter x y z 
1 1.5 0 2.62 -18.71 -0.99 
2 2.5 0 3.37 -17.78 0.15 
3 3.5 1 4.02 -18.35 0.11 




4.3.4 Mechanical Frame: 
 
A mechanical frame was used to position the ADV in the channel. Coordinates are 
entered into the system using a joystick to move the ADV to the correct position. 
There is a display window showing the current positi n of the probe, the future 
position of the probe and the displacement between th  two.  
 
After entering the desired displacement into the system a button is pressed and the 
probe with move to the entered coordinates. If the machine is turned off and then on 
again the probe will automatically reposition itself to the position 0, 0. In relation to 
the channel the point 0, 0 is 25mm to the left of the inner wall of the channel and 
approximately 200mm above the channel wall. This is demonstrated in Figure 4-8. 
 
The mechanical frame will move be able to move the probe in up, down and or 
sideways directions within the channel. The frame is on a trolley system so that it may 
be moved downstream in the z direction. There is a tape measure along the channel 
which was used to measure the trolley’s movements. Bluetack® was used as a stopper 
to ensure that the trolley did not move while measurements were being taken. 
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Figure 4-9: This photograph displays the screens showing the location (top line) and 
destination (second line) of the ADV probe in the horizontal and vertical directions. The 
third line is shows the displacement of the probe, or the difference between the first and 
second values. 
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Figure 4-10 The ADV is clamped onto the mechanical frame. The probe is then moved to the 
desired co-ordinates so that velocity measurements may be made. 
 
4.3.5 Model Materials: 
 
The model bridge piers to be used in the experiments will consist of segments of PVC 
pipe of various diameters. These pipe segments will be glued onto a Perspex base 
wide enough to fit in the channel of the broad based flume. Bags of sand will be used 
to ensure the stability of the pipe under flow conditions. To aid in the positioning of 
both the probe and the trolley a pen and ruler where used to mark out a 1cm grid on 
the Perspex base. 
 
A clear silicone sealant was used to fix the model pi rs to the base. This sealant is 
used in aquariums. It is a skin and eye irritant so gloves were worn during use. The 
sealant must be applied in well a ventilated area. The silicone sealant is not harmful 
when it has been cured.  
 
 
The materials used during tests to observe the effect on roughness height were made 
of flexible silicone. The materials that were used are pictured in Figure 4-11 and 
Figure 4-12. The woven materials were of 2mm and 5mm in roughness height.  
 
 z 
  x 
  y 
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Figure 4-11 Materials to be tested have surfaces similar to concrete and wood. 
 
 
The materials were selected as they most resembled the natural surface of wood 
(Figure 4-11 (b)) and rough concrete (Figure 4-11 (a)). The materials used are 





Figure 4-12 Silicone materials used to observe the effect of changes in roughness.  
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4.4 Experimental Design 
 
The diameters of model piers to be used in the experiments are found using the limits 




The following assumptions were made with regard to the limits of the channel 
velocity and the model sizes. 
 
The minimum flow depth assumed to be adequate for effective velocity measurements 
by the probe is 0.05m. The maximum possible depth that can be used without causing 
overflow is 0.1m.  
 
The maximum flow in the channel, Q, is 20 L/s or 1200 L/min. 
 







××= min)/(     min)sec/60/1000( 3
    Equation 4-1 
 




In the design calculations model diameters of 200mm and 20mm will be trialled. 
Through visual estimation a diameter of 200mm is the largest diameter possible that 
can be used. It is assumed that at this diameter the walls of the channel will not 





Figure 4-13 The boundary layers of the channel walls have the potential to influence the flows around 
the model pier. This may affect the vortex shedding from the pier. 
UNIVERSITY OF SOUTHERN QUEENSLAND  
Faculty of Engineering and Surveying 
Katherine Heron  38 
 
 
For the maximum flow depth, 10cm, and the maximum model diameter, the body 
Reynolds number is found. The velocity term is found sing Equation 4-1. The width 
of the broad based flume is 0.61m.   
 












A body Reynolds number of 5.8 x 104 is within the desirable range of values 
(300<Re>105) at which vortex shedding is known to occur.  
 
 
For the same model diameter, 200mm, at the minimum flow depth of 0.05m, the body 
Reynolds Number is found. 
 












This body Reynolds number is found to lie outside of the range of Reynolds numbers 
at which vortex shedding can occur (300<Re>105). For vortex shedding to occur at 
this depth for a model 200mm in diameter the flow depth must be increased or the 
discharge must be reduced in order to reduce the flow velocity. 
 
 
A model of 0.02m in diameter at a flow depth of 0.1m and a discharge of 20L/s has a 
Reynolds number of: 
 












This calculation shows that vortex shedding will occur at a flow depth of 0.1m, a 
discharge of 0.020m3/s and with a model 20 mm in diameter. The calculated body 
Reynolds number falls between the ranges of 300 to 105.  
 
From the above calculations it has been observed that vortex shedding in the broad 
based flume within a wide range of model diameters. The wide range of Reynolds 
numbers at which vortex shedding occurs will result in numerous possible 
combinations of model diameters, and flow depths.  
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4.4.3 Experimental Models 
 
Four model diameter sizes were selected from available PVC pipe. Using the known 
pipe diameters it was possible to determine the flow velocities at which the onset of 
vortex shedding will occur.  
 
 














To determine the required discharge from the pump: 












Table 4-2 Velocities within which vortex shedding will occur for the model diameters. 
Reynolds 
Number 
300 105 300 105 300 105 300 105 




m/s m3/s L/s L/min 
20 0.0170 5.6500 0.0005 0.1723 0.5170 172.33 31.02 10339.50 
43 0.0079 2.6279 0.0002 0.0802 0.2405 80.15 14.43 4809.07 
65 0.0052 1.7385 0.0002 0.0530 0.1591 53.02 9.54 3181.38 




The capacity of the channel limited the discharges that were used in the experiments. 
It was found that vortex shedding from the models was theoretically possible under 
very low and high flow velocities. 
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4.5 Experimental Method 
 
The velocity profile behind model bridge piers of a range of diameters and 
surface roughness was measured. The surface roughness of the model piers was 
altered using sleeves of various materials so that the effect of pier roughness on 
vortex shedding may be analysed.  
 
Models were initially selected based on varying diameters of 20mm, 43mm, 65mm 
and 90 mm. 
 
Secondly, tests were performed to compare the effect of roughness height on vortex 
shedding. By varying the roughness of the models one will be able to observe its 
effect on vortex formation. The change in roughness height will affect the physical 
properties of the boundary layer and hence the vortex shedding characteristics.  
 
 
1. The model piers were glued onto the cleaned Perspex base using the silicon 
sealant and left to dry over night. The Perspex base was 5mm in height. The 
height of the base caused local disturbances that reduced as the flow moved 
downstream. By placing the models at the centre of the base the effect of the 
disturbances on the flow around the models were lessened. The base was 
placed at the downstream end of the channel.  
 
2. The ADV was positioned behind the model and measurements were taken by 
opening the software program CollectV and starting he data acquisition. Two 
methods of data acquisition were trialled.  
 
(a) In the first the probe was positioned behind the model were measurements 
were recorded for a point. While the probe was still recording the frame was 
moved backwards 1 cm so that the next set of measurments could be found. 
This was then repeated until the observed vortices formed behind the pier were 
measured. The recoding was stopped and the probe was moved across 1cm 
and back to its original distance of 5cm downstream of the pier. The probe 
was again moved backwards 10cm.  This process was repeated to measure the 
velocity profiles downstream of the pier. This process is seen in Figure 4-12 
(a). 
 
(b) In the second method of data acquisition the probe was positioned at a point 
5cm downstream of the model. The probe was moved sideways by one 
centimetre after a number of velocity measurements were recorded for the 
starting point. The probe was moved sideways by 1cmevery 20 to 50 seconds. 
The time between the probe’s positions varied as the probe was moved after 
the trend in the velocity recordings for that point were established. The trend 
in the readings was found through visual inspection of the recorded velocities 
on the computer output from CollectV. The recording was stopped after the 
horizontal velocity profile behind the pier was established. The probe was then 
moved backwards by 1cm and the process was repeated. Th  probe was 
moved backwards until the observed vortices formed behind the pier were 
measured. The second method of data acquisition is seen in Figure 4-12 (b). 
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3. Steps 1 and 2 were performed for all of the pier diameters and roughnesses. 
All of the model piers were positioned at the same point on the Perspex base. 
 
 
A model pier with a diameter of 65mm was used to compare the variations in 
roughness height. Initially the pipe is seen to be smooth, i.e. the roughness height is 
zero. The roughness heights were then changed by gluing a sleeve of material around 
the model. The first material had a roughness of 2mm and the second material had a 




Experiments were performed in order to determine the factors pertaining to the onset 
of vortex shedding. The tests performed in the Hydraulics Laboratory are important in 
relating theory and natural occurrences due to the highly unpredictable nature of fluid 
flow. A better understanding of the natural phenomenon of vortex shedding is 
beneficial for the design of bridge structures and pollution modelling. 
 
(a) (b) 
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Figure 4-15 Arrangement of the model pier, shown in this picture is the 65mm model 




Figure 4-16: Models of 90 mm, 65 mm, 43mm and 20mm. The 65mm model shown here 
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Chapter 5 ANALYSIS AND DISCUSSION OF RESULTS 
5.1 Introduction 
 
This chapter contains an analysis of the results from the experiments. The results of 
the experiments are presented in the form of velocity vector plots. Theoretical 
information required for the analysis of the experimental data is presented in this 
chapter. 
 
The relationship between the Strouhals number and Reynolds number was analysed 
theoretically. The theoretical relationship between the two dimensionless numbers 
was then compared with experimental results.  
 
The quality of the experimental data is considered. Test runs of the equipment were 
performed to check the suitability of the testing methods. Factors contributing to 
possible errors in the results are explored. 
 
 
5.2 Reynolds Number and Vortex Shedding 
 
One of the objectives for this project was to determine the relationship between 
shedding frequency and discharge in terms of dimensionless Strouhals number and 
Reynolds numbers. The theoretical relationship betwe n shedding frequency and 
discharge is explained in this section. 
 
The relationship between Reynolds number and shedding frequency can be found 
using Equation 2-5 and Equation 2-13. Strouhals number is assumed to be 0.21.  
 












This is then subbed into Equation 2-13 so that the theoretical relationship of the 














         Equation 5-1 
 
Strouhal number and the viscosity of the fluid are ssumed to be constant. 
 
This relationship is plotted for a range of model diameters and velocities on a 
logarithmic scale. It is seen that a linear relationship between Reynolds number and 
shedding frequency.  
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It is seen in Figure 5-11 that on a logarithmic scale the theoretical relationship 
between vortex shedding and the body Reynolds number is linear. An increase in 
model diameter will result in decreases in shedding frequency. Increases in flow 





The relationship between Reynolds number and vortex sh dding was investigated by 
using models of different sizes at different flow velocities.  
 
Experiments were conducted using cylindrical models of 20, 43, 65 and 90 mm 
external diameters. The 65mm model was retested with increased roughness heights. 
The velocity field was measured downstream of the models.  
 
The velocity measurements were taken at points in a 1cm grid behind the models. The 
locations of the velocity recordings can be seen in Figure 5-3, Figure 5-4, Figure 5-6, 
Figure 5-7, Figure 5-8 and Figure 5-9. 
 
In the broad based channel the ADV probe was set up o ensure that it did not 
interfere with velocity measurements. This resulted in the velocities being of the 
incorrect polarity. The polarity of the velocities was reversed so that positive 
velocities flow in the downstream direction and to the left of the channel, as seen in 
the Figure 5-1. 
 
 
Figure 5-2  Velocity Direction, Where u is the velocity in the cross-stream direction; and 
v is the velocity in the downstream direction 
 
The velocities were exported from the CollectV software for analysis. The measured 
velocities were plotted using the stream plot function in MATLAB. This function 
plots velocity vectors for specific locations. The streamlines were plotted with contour 
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Figure 5-3 Velocity measurements were taken at the following points behind the 20mm 







Figure 5-4 Velocity measurements were taken at point 1cm apart behind the 43mm 
diameter model. Experimental method (a) was used. 
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Figure 5-5 Velocity measurements were taken at the following points behind the 43mm 




Figure 5-6 Method (b) was used to record the velocities at the shown points downstream 
of the 65mm model under 305L/min 
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Figure 5-7 Method (b) was used to record the velocities at the shown points downstream 










Figure 5-8 Method (b) was used to measure the velocities downstream of the 90mm 
model at 598L/min and 300L/min. 
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Figure 5-9: During experiments where the roughness height of the 65mm model was 





In the first set of experiments the effect of Reynolds number on the frequency of 
vortex shedding was tested. The models were made of PVC pipe and hence were 
assumed to be smooth. The typical roughness height for the pipe material is assumed 
to be 0.03mm (Borthwick 2004). 
 
5.4.1 20mm Diameter 
 
The first model to be tested was of 20mm in diameter. Vortex shedding was found to 
occur very close to the model. For a diameter of 20mm under a discharge of 
301L/min, vortices formed approximately 20mm away from the model. Vortex 
shedding was found to occur directly behind the model pier. 
 
The depth of flow in the channel was 0.06m resulting i  a theoretical velocity of 
0.137m/s. Using Equation 2-8 it is known that the critical depth for a discharge of 301 
L/min is 0.0190m. The flow regime was therefore sub-critical. Reynolds number 
(Rex), as described by the depth of flow and free-stream velocity, was calculated to be 
7278. 
 
The body Reynolds number was found to be 2425.97. This number lies within the 
range of values where vortex shedding occurs (300 < Re > 100000). Strouhals number 
is assumed to 0.21. Using Equation 2-13 the shedding frequency is found to be 1.439. 
 
Contour plots of the velocities in the downstream and cross-stream directions were 
plotted with stream lines. This made the flow directions clearer. Vortices are known 
to occur due to the negative downstream velocity (v) shown in the upper plot in 
Figure 5-10.  
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The cross-stream velocity (u), shown in the lower plot in Figure 5-10, was useful in 
determining the side of the pier that the vortex is developing or shedding from. In 
Figure 5-10 the centre of the model was located at 310mm.  
 
A video showing the occurrence of vortex shedding over 10 seconds of velocity 
recordings is available. To view the video please op n the video file 20VShed.avi. 
The first five frames of the animation are available in Appendix B. The upper plot 
displays the cross-stream velocity (u) plotted with the velocity vectors. The lower plot 
shows the downstream velocity (v) with the velocity vectors. In the animations one 
can see that the vortices are formed on alternating sides of the plot. This is indicative 
of vortex shedding.  
 
During the recording of the velocities the event of v rtex shedding was not easily 
visible. From the surface of the water it appeared that vortex shedding was not 
occurring. Vortex shedding is known to occur as the body Reynolds number for this 
model diameter and velocity occurs within the known ra ge of values where vortex 
shedding occurs.  
 
It is concluded that the velocity plots may not accurately represent the vortex 
shedding as the sampling rate was too large. The frequency of the shedding implies 
that a vortex was shed every 0.697 seconds. Over a five second period a minimum of 
7 vortices will shed. It was difficult to determine the frequency of the shedding form 
the velocity measurements. 
 
The wake behind the 20mm model appears to be stable. The recorded velocities are as 
expected.  
 
5.4.2 43mm Diameter  
 
The next model to be tested was 43mm in diameter. This model was tested at 
300L/min and 846 L/min 
 
The depth of flow in the channel for the discharge of 300 l/min was 0.06m resulting in 
a theoretical velocity of 0.137m/s. For the discharge of 846 l/min the depth of flow 
was 0.075 m therefore the velocity was 0.308m/s. Using Equation 2-8 it is known that 
the critical depth for a discharge of 300 l/min is 0.0190m and for 846 l/min is 0.296m. 
The flow regime for both conditions is therefore sub-critical. Reynolds number (Rex), 
as described by the depth of flow and free-stream velocity, was calculated to be 20456 
for a discharge of 846L/min and 7254 for a discharge of 300L/min. 
 
The body Reynolds number (Re) for the discharge of 300 l/min was found to be 
5198.5 using Equation 2-5. For a discharge of 846 l/min the body Reynolds number 
was calculated to be 11455.1. Both of these numbers lie within the range of values 
where vortex shedding occurs (300 < Re > 100000). Using Equation 2-13 the 
shedding frequency for a discharge of 300 L/min is found to be 0.667. For the 
discharge of 846L/min the shedding frequency of 1.505 was found. In Figure 5-11 
and Figure 12 the centre of the model is approximately located at 310mm horizontal.  
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Figure 5-10: The stream lines have been plotted with both the u and v velocities to 
determine if either velocity is a better indicator of vortex shedding. 
 
The vortex development over a five second time period may be found in Appendix 2. 
Alternately one can see movies of the vortices for the model at 300L/min and at 
846L/min in 43VShed_a.avi and 43VShed_b.avi. As the velocities were measured at 
one second intervals each of the frames represents one econd. The upper plots show 
the horizontal velocity (u) plotted with the velocity vectors. The lower plots show the 
downstream velocity (v) with the velocity vectors.  
 
From the calculated shedding frequency for a discharge of 300 L/min and a model 
diameter of 43 mm, a vortex will be shed every approximately 1.5 seconds. This may 
explain why the vortices in the movie and in the Appendix are not clearly defined. It 
is difficult to locate from the streamlines where th  vortices are formed and when they 
have been shed. Theoretically over a five second period a minimum of only 3 vortices 
will be shed. The contour plots of the cross-stream velocities are demonstrate more 
clearly when vortex shedding occurs.  
 
From the calculated shedding frequency for a discharge of 846 L/min and a model 
diameter of 43 mm, a vortex will be shed every approximately 0.66 seconds. Over the 
shown five second period in Appendix 2 roughly 7.5 vortices were shed. This was not 
accurately shown in the movie and in Appendix 2 as the sampling rate was only 1 Hz. 
 
 For both discharges the wake appears to be stable and the recorded velocities are as 
expected.  
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Figure 5-12: Velocity profile downstream of the 43mm model, Q= 846L/min 
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5.4.3 65mm Diameter 
 
The next model to be tested was 65mm in diameter. This model was tested at 
305L/min and 602L/min 
 
The depth of flow in the channel for the discharge of 305 l/min was 0.06m resulting in 
a theoretical velocity of 0.138m/s. For the discharge of 602 l/min the depth of flow 
was 0.08 m therefore the velocity was 0.205m/s. Using Equation 2-8 it is known that 
the critical depth for a discharge of 305L/min is 0.0192m and for 602L/min is 
0.0302m. The flow regime for both conditions is therefore sub-critical. Reynolds 




The body Reynolds number for the discharge of 305 L/min was found to be 7989.18 
using Equation 2-5. For a discharge of 602 L/min the body Reynolds number was 
calculated to be 11826.61. Both of these numbers li within the range of values where 
vortex shedding occurs (300 < Re > 100000). Using Equation 2-13 the shedding 
frequency for the discharge of 305 L/min is found to be 0.678. For the discharge of 
602 L/min a shedding frequency 1.00 was found. In Figure 5-13 and Figure 5-14 the 
centre of the model is approximately located at 310mm horizontal.  
 
The vortex development over a five second time period under the above conditions is 
seen in Appendix 2. The vortex development is availble as a movie. To view the 
movie recorded for the discharge of 305L/min open the file 65VShed_a.avi. To see 
the movie for a discharge of 602L/min open the file65VShed_b.avi. Each frame 
represents one second. The upper plots show the horizontal velocity (u) plotted with 
the velocity vectors. The lower plots show the downstream velocity (v) with the 
velocity vectors.  
 
From the calculated shedding frequency for a discharge of 305 l/s and a model 
diameter of 65 mm, a vortex will be shed every approximately 1.47 seconds. Over a 
five second period only 3 vortices will be completey shed.  
 
From the calculated shedding frequency for a discharge of 602 l/s and a model 
diameter of 65 mm, a vortex will be shed every approximately 0.99 seconds. Over the 
shown five second period in Appendix 2 a vortex shedding is seen in each of the plots 
as the sampling rate matches the frequency of the shedding.  
 
For both discharges the wake appears to be stable. The recorded velocities are as 
expected.  
 
UNIVERSITY OF SOUTHERN QUEENSLAND  
Faculty of Engineering and Surveying 


































Cross-Stream Velocity Profile Dow nstream of 65mm Model (305L/min) (cm/s)


























Dow n-Stream Velocity Profile Dow nstream of 65mm Model (305L/min) (cm/s)
































































Cross-Stream Velocity Profile Dow nstream of 65mm Model (602L/min) (cm/s)































Dow nstream Velocity Profile Dow nstream of 65mm Model (602L/min) (cm/s)













Figure 5-14: Velocity Profile downstream of the 65m  model, Q= 602L/min 
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5.4.4 90mm Diameter 
 
The next model to be tested was 90mm in diameter. This model was tested at 
300L/min and 598L/min 
 
The depth of flow in the channel for the discharge of 300 L/min was 0.055m resulting 
in a theoretical velocity of 0.149m/s. For the discharge of 598 L/min the depth of flow 
was 0.063 m therefore the velocity was 0.259m/s. Using Equation 2-8 it is known that 
the critical depth for a discharge of 300 L/min is 0.01899m and for 598 L/min is 
0.0307m. The flow regime for both conditions is therefore sub-critical. Reynolds 
number (Rex), as described by the depth of flow and free-stream velocity, was 
calculated to be 14459 for a discharge of 598L/min and 7254 for a discharge of 
300L/min. 
 
The body Reynolds number for the discharge of 300 L/min was found to be 11870 
using Equation 2-5. For a discharge of 598 L/min the body Reynolds number was 
calculated to be 20656. Both of these numbers lie within the range of values where 
vortex shedding occurs (300 < Re > 100000). Using Equation 2-13 the shedding 
frequency for the discharge of 300 L/min is found to be 0.728. For the discharge of 
598 L/min a shedding frequency 1.267 was found. In Figure 5-15 and Figure 5-16 the 
centre of the model is located at approximately 310mm horizontal.  
 
The vortex development for this model is seen in Appendix 2 over a five second time 
period. Videos showing the vortices over a ten second period for discharges of 
300L/min and 589L/min are available from 90VShed_a.avi and 90VShed_b.avi may 
be found by clicking the links. Each frame represent  one second. The upper plots 
show the horizontal velocity (u) plotted with the vlocity vectors. The lower plots 
show the downstream velocity (v) with the velocity vectors.  
 
From the calculated shedding frequency for a discharge of 300L/min and a model 
diameter of 90 mm, a vortex will be shed every approximately 1.37 seconds. Over a 
five second period only 3 vortices will be completey shed.  
 
From the calculated shedding frequency for a discharge of 598L/min and a model 
diameter of 90 mm, a vortex will be shed every approximately 0.79 seconds. Over the 
shown five second period 6 vortices will be shed.  
 
During the experiments the generation of waves was ob erved at discharges of 
300L/min and 598L/min for the 90mm model. 
 
The demonstration of vortex shedding in Figure 5-15 and Figure 5-16 may not be very 
accurate as the sampling rate does not match the frequency of the shedding. The 
recorded velocities are as expected.  
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Cross-Stream Velocity Profile Dow nstream of 90mm Model (300L/min) (cm/s)

































Dow n-Stream Velocity Profile Dow nstream of 90mm Model (300L/min) (cm/s)














































Cross-Stream Velocity Profile Dow nstream of 90mm Model (598L/min) (cm/s)



































Dow n-Stream Velocity Profile Dow nstream of 90mm Model (598L/min) (cm/s)












Figure 5-16 Velocity profile downstream of the 90mm model Q= 598L/min. 
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5.5 Effect of Surface Roughness on Vortex Shedding 
 
The roughness height of the 65mm model was changed by gluing a sleeve of material 
onto the outside of the pier. The first material to be tested had a roughness height of 
2mm. The second material was 5mm in roughness height. The models were tested at a 
discharge of 300 l/min with a flow depth of 0.06m. The velocity in the channel was 
0.136612 m/s. 
 
The stability of the wakes is theoretically tested by finding the ‘wake stability 
parameter’ as discussed by Lloyd and Stansby (1997). Chen and Jerka (1995) have 
suggested two critical values, Sc1 = 0.2 and Sc2 = 0.5. It was found that for S < Sc1 the 
resulting eddies were in the manner of a Karman vortex street wake. Where Sc1 < S < 
Sc2 the wake under went a transition from vortex shedding to a unsteady wake bubble 






























For initial surface conditions: 
ks is assumed to be 0.03 x 10
-3m; h= 0.06m 
Rex = 7375. 
 
Through trial and error λ is found to be 0.0147. 














S < Sc1 therefore a wake in the form of a Von-Karman street is to be expected.  
 
For the first roughness height to be tested: 
ks is assumed to be 2 x 10
-3m;  
h= 0.06m 
Rex = 7375. 
 
Through trial and error λ is found to be 0.036. 
Cf = 0.036 / 4 = 0.009 
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S < Sc1 therefore a Von-Karman wake is to be expected. 
 
For the second roughness height 2 to be trialled: 
ks is assumed to be 5 x 10
-3m; h= 0.06m 
Rex = 7375. 
 
Through trial and error λ is found to be 0.0497. 













S < Sc1 therefore a Von-Karman wake should be observed in the results. 
 
 
Recorded velocity measurements for the models with changed roughness heights are 
shown in Figure 5-17 and Figure 5-18. 
 
Measurements were taken cross stream every 1 mm and downstream every 10mm. 
The resulting plots appear to show a high degree of turbulence. Vortex shedding was 
observed visually during testing as a Von-Karman wake. This is not apparent in 
Figure 5-17 and 5-18. The negative downstream velocities indicate that vortex 
shedding is occurring.  
 
Due to the way that the velocities were measured it is difficult to determine the 
frequency of the shedding.  
 
 
 
 
